Background. The goal of this study was to explore the role of several factors that affect intramyocardial blood volume by using minimally invasive computed tomography. Anesthetized dogs were scanned with the dynamic spatial reconstructor, a high-speed tomographic scanner,
In Vivo Relation of Intramyocardial Blood
Volume to Myocardial Perfusion Evidence Supporting Microvascular Site for Autoregulation Xue-si Wu, MD; Daniel L. Ewert, PhD; Yun-He Liu, MD; and Erik L. Ritman, MD, PhD Background. The goal of this study was to explore the role of several factors that affect intramyocardial blood volume by using minimally invasive computed tomography. Anesthetized dogs were scanned with the dynamic spatial reconstructor, a high-speed tomographic scanner, during injection of a bolus of iohexol into the aortic root.
Methods and Results. In control dogs, it is indicated that the fraction of myocardium that is blood (FMB, %) relates to myocardial perfusion (F, milliliters per gram per minute) in that region as FMB--a *F.2, where a=9.5± 1.2% (milliliters times minute per gram) '2 (mean± SD) in the subendocardium and a=9.6+1.1% in the subepicardium. In another group of dogs, for the myocardium perfused by a stenosed epicardial artery, a increased to approximately 10 for a 25-43% stenosis (or pressure gradient of 9 mm Hg across narrowing) and to greater than 11 for a 50-55% stenosis (or pressure gradient of 40 mm Hg across narrowing). In these dogs, flow was not impaired under control hemodynamic conditions, but the usual increase of flow (i.e., flow reserve) observed under maximum vasodilation conditions was impaired. In another group of dogs, progressive embolization (using 15-,um-diameter microspheres) of the left ventricular myocardial microcirculation caused the value of a to remain at approximately 9.5 with embolization up to 501% of the fatal dose of microspheres, but it then decreased progressively with embolization to 4.6 at the fatal dose.
Conclusions. We conclude that the FMB/F relation reflects hemodynamic conductance at the microvascular level. (Circulation 1992;85:730-737) M ethods for estimating intramyocardial blood volume (expressed as fraction of myocardium that is blood, FMB) are either quite invasive and/or indirect'; hence, it is questionable whether those estimates are representative of the FMB throughout the in vivo heart within a neveropened thorax. Whether FMB reflects microvascular behavior within the intact subject could provide insight into pathophysiological mechanisms affecting the microcirculation. As demonstrated by Kanatsuka et al,2 autoregulation occurs primarily at the < 100-,umdiameter arteriolar level. Hence, arteriolar vasodilation, combined with capillary recruitment,3,4 should manifest as increased intramyocardial blood volume. In this study, we evaluate fast computed tomography (CT) as a relatively noninvasive method for estimating FMB by comparing the magnitudes of estimated intramyocardial blood volume and their changes in response to hemodynamic manipulations against the literature values.
We performed this evaluation by changing coronary flow by progressively altering left ventricular work load, by locally constricting the cross-sectional area of a proximal epicardial coronary artery lumen, or by controlled embolization of terminal arterioles with 15 -,mor 16.5 -am-diameter microspheres. The hypothesis underlying these studies is that maintenance of local myocardial blood flow results from an ischemia-driven hyperemia downstream to a partial obstruction to blood flow (e.g., stenosis or microembolization). Consequently, epicardial coronary stenosis should result in increased FMB in its perfusion territory, whereas microvascular embolization should result in no change in FMB until more than the number of microvessels needed to maintain the perfusion status quo are embolized. Methods
Experimental Sequence
A total of 48 dogs in five experimental groups were anesthetized with Innovar Vet (0.4 mg fentanyl and 20 mg droperidol per milliliter) plus a 2:1 N20-02 gas mixture. The dogs were ventilated with a Harvard pump. All had a No. 8 Rodriques catheter position with its tip in the aortic root for injection of approximately 30 ml iohexol contrast agent. Of these five groups of dogs, groups 2 and 3 were part of other studies by Chung et a15 and Spyra et al,6 respectively.
A bipolar catheter was positioned with its tip in the coronary sinus to permit atrial pacing (generally 112 or 120 beats per minute). An additional Rodriques catheter was positioned with its tip in the right atrium for injection of 30 ml iohexol contrast agent. A 6F Millar catheter with a pressure transducer at its tip was positioned in the left ventricular cavity for monitoring left ventricular (LV) pressure.
In group 1 (four dogs, weight, 21-26 kg), a balloontipped catheter was positioned in the proximal descending intrathoracic aorta to permit, by balloon inflation, rapid increase of hemodynamic afterload. Infusion of adenosine into the right atrium via the pacing catheter lumen (1 mg/kg/min) was used to cause coronary arterial bed vasodilation while the inflated aortic balloon maintained aortic pressure at the control level.
In group 2, 20 dogs (weight, 22-28 kg) were prepared identically to those in group 1. An additional balloon-tipped catheter was positioned in the inferior vena cava to permit, by balloon inflation, rapid decrease of hemodynamic preload.
In group 3, 11 dogs (weight, [22] [23] [24] [25] [26] [27] kg) had 2-3mm-diameter hollow plastic cylinders embolized, via catheter and guide wire, into a selected proximal epicardial coronary artery.7 The sizes of the cylinders' lumina resulted in stenoses ranging from 25% to 55% of the vessel lumen diameter proximal to the cylinder.
In group 4, three dogs (weight, 21-23 kg) had a 4F balloon-tipped catheter positioned in either the proximal left anterior descending coronary artery (LAD) or the left circumflex coronary artery (LCx). The balloon was partially inflated to produce a selected pressure gradient between the aortic root and catheter tip distal to the intracoronary balloon.
In group 5, 10 dogs (weight, 21-32 kg) had a 4F catheter tip positioned in the left main coronary artery, proximal LAD, or LCx. Nonradioactive microspheres were injected via this catheter to progressively embolize the myocardial territory perfused by the catheterized vessel. In these dogs, the atrioventricular conduction tissue was previously selectively destroyed with a local injection of -1 ml 34% Formalin under fluoroscopic monitoring by using the needle assembly developed for the percutaneous technique described by Williams et al.8 An additional pacing catheter was positioned in the right ventricle and paced independently from the right atrial pacing catheter so that, if needed, atrial pacing could be performed at twice the ventricular rate to maintain atrial contractions in phase with that of the ventricles. In this group, an additional aortic catheter was positioned so that, after hexamethonium (30 mg/kg) was administered (in seven of the dogs), angiotensin II could be infused (0.01-0.1 ug/kg/min) to maintain aortic pressure at control levels.
After catheterization of the animals was completed, each dog was placed supine on a molded cast and positioned in the dynamic spatial reconstructor (DSR) scanner so that the heart was centered in the imaging field.
DSR Scan
Details of the DSR scanner have been described elsewhere.9 Briefly, the DSR scanner consists of a rotatable cylindrical gantry housing 14 x-ray sources positioned in a semicircle. Fourteen video cameras are arranged on the semicircle opposite the x-ray tubes. These cameras record the x-ray projection images on a hemicylindrical fluorescent screen. The projection images, each recorded as 120 horizontal video scan lines on a multichannel video disc recording system, provide input for tomographic images of parallel transverse sections at 0.9-mm intervals over the full cephalocaudal extent of the heart. The analog video signal is digitized and the digital information for the same line of all 14 cameras is simultaneously submitted to a reconstruction algorithm. Computation results in an image of a transverse section at the level of the digitized video lines covering the region of interest. The entire LV is imaged in three dimensions by the stack of parallel transverse sections reconstructed in this manner. Each DSR scan involved sequential pulsing of 14 x-ray sources within 11 msec, and this sequence of exposures was repeated 60 times per second over the 10or 20-second duration of the scan sequence. X-ray voltage was set at 110 kV, with x-ray current ranging from 500 mA to 800 mA, depending on the size of the dog.
Experimental Protocol
In group 1, all dogs were infused with adenosine (1 ml/kg/min in all four; two also had 0.5 ml/kg/min, making a total of six evaluations) during injection of a thorium oxide (one dog) or ethiodol (three dogs) emulsion into the aortic root. The thorium oxide (Electron Microscopy Sciences, Fort Washington, Pa.) and ethiodol (Savage Laboratories, Melville, N.Y.) contrast agents were emulsified in saline by use of a sonication device (Dynatech Laboratories, Inc., Chantilly, Va.): Two milliliters per kilogram were injected over a 3-second period.
In group 2, four study sets were performed. Each set involved an aortic root injection of nonionic contrast agent (iohexol, 1 ml/kg) for the estimation of myocardial perfusion and intramyocardial blood volume. The levophase of a right atrial injection of contrast agent was used to provide the LV chamber volume throughout the cardiac cycle and myocardial wall delineation at end diastole, the same timing used for making the myocardial perfusion estimates. These studies were performed under control, elevated aortic pressure, decreased inferior vena caval inflow, and adenosine infusion conditions. In group 3, a study sequence much as indicated for group 2 was performed with a hollow plastic cylinder in situ under control and under adenosine infusion conditions.
In group 4, the study sequences were performed under control conditions and sequential conditions of increasing intracoronary balloon inflation.
In group 5, the study sequences were performed under control, adenosine infusion, repeat control, and a sequence of bolus injections of microspheres until ventricular fibrillation occurred. For seven of the 10 dogs, 16.5 -,m-diameter microspheres (Du Pont/New England) were used. In the other three dogs, the first injection into the coronary artery was with the 16.5-gm microspheres, and subsequent injections used 15 -gm latex microspheres (E-Z Trac, Los Angeles, Calif.). The microspheres were prepared according to manufacturers' instructions and were injected slowly into the coronary catheter. Typically, an average of 8.5 million microspheres were injected at a time. Immediately after the injection, the DSR scan was performed. New quantities of microspheres were prepared and administered at 30-45 -minute intervals. This process was repeated until the heart arrested.
DSR Data Analysis
Details of estimation of myocardial blood flow by analyzing DSR images of the aortic root angiograms were described by Wang et al.1"1 The images generated by each of the 14 television cameras on the DSR scanner were reconstructed into the images of transverse sections (-5-6 mm thick) through the aortic root and at the midventricular level of the LV. The image reconstructions were performed at the enddiastolic phase of all heart cycles throughout the 20-second scanning period. Dye dilution curves of the aortic root and of the myocardium were then generated from the sequence of DSR images ( Figure   1 ). These curves represent the appearance and departure of the contrast agent in the region of the image being measured. Any region (global, transmural, and small pieces) within the image could be selected for measurement. These curves were used to calculate myocardial perfusion (F) in milliliters per gram per minute and FMB expressed as percent of myocardial volume.
Nonionic contrast agent has less impact on coronary flow primarily because it has lower osmolality than ionic contrast agents.1' Nonetheless, like ionic contrast agent, up to 15% of the contrast agent enters the extravascular space on the first pass.12 Consequently, the opacification of the myocardium does not return to baseline immediately after the bolus passes through the myocardial circulation.'3 The area under the curve, therefore, would be overestimated. To overcome this problem, we used a mathematical technique developed by Bentley et a114 to correct for this phenomenon in the kidney. To evaluate the validity of this mathematical correction in myocardial perfusion, we studied four dogs (group 1) so that we could compare this mathematically corrected analysis of an iohexol curve with a curve generated from images recorded during injection of a thorium oxide suspension or ethiodol emulsion, which do not enter the extravascular space. This involved two or three injections of contrast agent into the aortic root at 30-minute intervals under very similar hemodynamic conditions. The mathematical technique generates a sigmoidal curve (dash and dot line in middle panel of Figure 2 ) describing the progressive accumulation of extravascular dye by integrating the arterial input curve (not shown in Figure 2 ) and scaling the plateau of the resulting sigmoidal curve to equal the value of the original myocardial curve (dashed in middle panel of Figure 2 ) when it settles at a stable, abovebaseline value. This sigmoidal curve is then subtracted from the original myocardial curve to gener- ate the intravascular curve (solid line in middle panel of Figure 2 ), which is the curve of interest for our FMB and F calculations.
Results
One example of the mathematical technique used to correct for loss of iohexol to the extravascular The results from the four dogs (group 1) studied to evaluate the reproducibility and accuracy of this approach for estimating FMB are summarized by two regression equations describing the linear leastsquares best fit to the totally intravascular (ethiodol or thorium, Y%) and partially extravascular (iohexol, X%) contrast agent-based estimates of FMB. When the fact that some iohexol remains in the extravascular space is ignored, the regression equation is Y=0.74X+5.26, r=0.951, whereas, when the Bentley method is used to correct for that extravascular component, Y=0.98X+3.70, r=0.946. The intercept 3.70 is not distinguishable from zero at the level of p=0.05. Because of the near 1:1 slope of the Bentley method, all our dilution curves were analyzed using this mathematical correction for loss of contrast to the extravascular space.
In group 2, the aortogram image data were used to estimate the transmural intramyocardial blood volume and flow under different hemodynamic loading situations without abnormal coronary circulation. As shown in Figure 3 , it was observed that the intramyocardial blood volume relates curvilinearly to myocardial perfusion in that region. The curve FMB=a . F`12 fits the data points fairly well at flows higher than 0.8 ml/g/min. The magnitudes of the average (+SD) a were 9.5+1.2% and 9.6+1.1% (milliliters times minutes per gram)'/2 for the subendocardial third and the subepicardial third of the wall, respectively. Although other analytic curves may have a better statistical fit to all the data points, we use the square root relation for reasons detailed in the "Discussion." That heart rate impacts on the transmural . Graph shows myocardial perfusion characteristics in dogs with an intracoronary balloon. In resting state, the value at a (intramyocardial blood volume at flow=] ml/g/ min) increased significantly at moderate narrowing (pressure gradient, AP, across balloon -40 mm Hg), whereas flow was impaired only at more severe narrowing (AP -85 mm Hg).
However, flow relative to myocardium perfused by a nonstenosed vessel decreased significantly at moderate narrowing with maximum vasodilation (not shown). FMB, intramyocardial blood volume.
myocardial blood volume and perfusion distribution was illustrated in one anesthetized dog. In the control (resting) state, the endocardial/epicardial ratios of F and FMB at 72 beats per minute were 1.6 and 1.5, respectively, and fell to 0.94 and 0.92 at a heart rate of 112 beats per minute. In maximum vasodilation with adenosine, the endocardial/epicardial ratios of F and FMB at 72 beats per minute were 0.86 and 0.89, respectively, and fell to 0.81 and 0.85 when heart rate increased to 112 beats per minute. In group 3, each region of interest was identified as one of three categories: a control region, a region perfused by a 25-43%, or by a 50-55% stenosed artery. The average myocardial F and FMB of each group is shown in Figure 4 . The flow was not decreased under control conditions; however, the FMB/F relation increased significantly in territories perfused by stenosed vessels with values of a= 9.1+0.7 for no stenoses, 10.1+0.9 for 25-43% stenoses, and 11.1+0.9 for 50-55% stenoses, respectively. There is a significant difference (p<0.01) between any two values.
In group 4, flow started to decrease (see Figure 5 ) at a pressure gradient across the coronary narrowing (due to partial inflation of intracoronary balloon) greater than 40 mm Hg, but the value of a was already significantly (p<0.01) elevated when the pressure gradient was greater than 9 mm Hg.
In group 5, progressive embolization of the myocardial microcirculation obtained by sequential coronary injections of microspheres induced the modulation of FMB and F as shown in Figure 6 . Both FMB and F decreased significantly in the range of 51-7 dose of microspheres. However, as shown the FMB to F relation in the 0-50% of fatal remained indistinguishable from that in gr( Discussion Previous studies confirmed that the perfusion estimated by CT relates lineari sion estimated by the generally accepted microsphere method. 10"15,16 We are quite ( about our dye dilution-based estimates o cardial blood content because our data are with values in the literature,1"17-19 which 5% to 27% with most values ranging fr( 20% (several authors used ml/100 g LV) fast CT estimates of FMB and F are com those presented by investigators using oth is illustrated in Table 1 .
Although we have no direct head-to-he; ison of the CT-based method and othe more invasive methods, an additional cir( confirmation of the validity (or at least n the FMB is that it is consistent with Poise This law predicts that vascular flow (F) tional to AP R4/L, where R is the radius lumen and AP is the pressure gradient along vessel of length L. If we assume that the volume (V) of the intramyocardial vessels is proportional to LR' and if L remains essentially unchanged with vasomotion and recruitment, it then follows that F oAP* V2. Thus, if AP remains essentially constant (which we PIDose) attempted to do by maintaining aortic pressure at control levels with the aortic balloon inflation), we P<0a01 expect Vo F"', which, if we equate FMB with V, is what we observe. P'0O05 A decrease of vascular resistance in acutely ischemic myocardium is well documented. A possible P<.001 mechanism is described by the adenosine hypothe-SiS,20 which states that ischemia results in accumulation of adenosine, which in turn leads to vasodilation, 2.5 which would in turn tend to reverse ischemia because of the resulting increase in perfusion. This hypothesis tlood volume is based the assumption that normal blood flow is tanged, with in part maintained by the resulting increased ;atal dose of sure gradient across the stenosis. This gradient is rculation. As increased by dropping the intra-arterial ,value of a downstream to the stenosis by further opening of the vascular beds. This opening of the vascular beds should manifest as increase in intramyocardial blood 5% of fatal volume to a level higher than expected for the flow. in Figure 7 ,
Our data, therefore, support the hypothesis that dose group distal to an epicardial coronary artery stenosis, there Dup 2.
should be an increase in blood volume reflecting the vasodilation. With stenosis causing a pressure drop across the stenosis greater than 40 mm Hg, we obmyocardial served a slight progressive decrease in FMBan ly to perfu-observation that is consistent with the observations of radioactive Kanatsuka et al,2 who found that despite dilation of encouraged the <100-,um vessels during ischemia, the larger Ifintramyovessels constricted. v consistent
The data from this present study are consistent range from with the flow reserve phenomenon, but, as indicated )m 10% to in Figures 4 and 5 , also suggest that the FMB-to-flow ). That our relation is a possibly more sensitive index of the sistent with hemodynamic impact of a mild coronary artery steer methods nosis than is the flow reserve index.21 Thus, for a stenosis less than 55% or generating a pressure ad compar-gradient less than 40 mm Hg, there is no discernible r generally change in blood flow, but at a stenosis of 25% or cumstantial generating a pressure gradient of 9 mm Hg, there is a neaning) of discernible increase in FMB. zuille's law.
The effect of microsphere embolization indicates is propor-that absolute value of FMB decreased during injecof a vessel tion of a cumulative microsphere dose equal to and Left ventricular hypertrophy RBC, red blood cells. U greater than 50% fatal dose, beyond which dose the FMB (under control conditions) progressively diminishes. We observed that the value of a was 4.6 just before cardiac arrest. This could mean that, under control hemodynamic conditions, approximately half (i.e., 4.6/9.5) of control FMB is available when the heart ceases to function. The number of microspheres required to arrest the heart (2.5 x 105/g) matches those needed (5 x 105/g) by Hori et al,22 who injected 15-,um microspheres selectively into the LAD of open-chest dogs that were treated with prazosin, a postsynaptic a-blocker, but aortic pressure was not maintained at control levels.
Summary
The magnitude of the FMB, estimated by fast CT, behaves quantitatively like the invasively measured microvascular volume as reported in the literature. Second, this volume has a predictable relation to myocardial perfusion. Because this relation is independent of the location within the heart wall, the observed spatial heterogeneity of blood flow is most likely due to the heterogeneity of blood volume. Local blood volume appears to be strongly driven by local perfusion needs as illustrated by increase of blood volume beyond a coronary stenosis and by the steady blood volume up to a 50% fatal-dose embolization of the myocardial microcirculation. This observation is quite consistent with the recent direct observations3,23 of epicardial arterioles that suggest that the bulk of autoregulation occurs at the microvascular level.
